Objective: Cross-sectional studies find altered cognition in youth with type 1 diabetes mellitus (T1DM). However, few longitudinal studies have examined the trajectories of their cognitive performance over time. The aims of this study were to explore longitudinal change in cognitive function in youth with T1DM as compared with nondiabetic sibling controls, and how glycemic control and age of onset influence cognitive performance over time.
In cross-sectional studies, youth with type 1 diabetes mellitus (T1DM) perform worse than nondiabetic peers on tests of cognitive function across multiple domains. [1] [2] [3] Cross-sectional research also suggests that greater hyperglycemia or severe hypoglycemia exposure and early age of diabetes onset are associated with lower intelligence, visual-spatial ability, and memory performance and slower processing speed. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] However, few truly longitudinal studies have directly statistically compared change in cognitive function over time in children and adolescents with T1DM relative to nondiabetic peers, [16] [17] [18] [19] limiting causal interpretations. Thus, little is currently known regarding whether differences in cognitive function between diabetic and nondiabetic youth are stable over time, increase, or decrease, and how hyperglycemia exposure, severe hypoglycemic events, and age of onset influence the developmental trajectories of cognitive processes. Some of the few existing pediatric longitudinal studies (see Refs 20, 21 for investigations of longitudinal changes in cognition in T1DM between adolescence and adulthood) suggest that greater hyperglycemia exposure is associated with worse verbal and visual-spatial memory over time, 22, 23 more hypoglycemic events are associated with lower intelligence, verbal memory performance, and visual-spatial learning over time, 18, 22 and that earlier age of onset predicts less positive change in intelligence and visual-spatial ability than later age of onset. 16, 18, 22 However, a recent study did not find any significant relationships between these clinical characteristics and longitudinal changes in cognition. 19 In addition, prior pediatric longitudinal studies have not directly investigated whether within-person improvements in glycemic control can lead to within-person improvements in cognitive function.
The current study explored longitudinal change in cognitive function in youth with T1DM as compared with nondiabetic sibling controls, and how glycemic control and age of onset influence cognitive performance over time. Groups were assessed on the same tests of crystallized intelligence, visual-spatial ability, delayed memory, and processing speed at 3 time points, and exposure to hyperglycemia and severe hypoglycemia were ascertained prospectively. Hierarchical linear modeling (HLM) allowed us to examine effects of diabetes status, mean hyperglycemia exposure, and age of diabetes onset on mean cognitive performance over the course of 5.5 y as well as the degree of linear increase or decrease in cognitive performance trends.
We also examined whether individual fluctuation in HbA1c from one occasion to the next resulted in improvements (or decrements) in cognitive function.
1 | METHODS
| Study design
Participants were tested 3 times with measures designed to address the cognitive domains most consistently shown to be affected by pediatric T1DM: crystallized intelligence, visual-spatial ability, memory, and processing speed. There were 2 y between time points 1 and 2 and 2-3 y between time points 2 and 3. Diabetes variables were acquired retrospectively before time point 1 and prospectively between time point 1 and the end of the study. Cross-sectional analyses of time point 1 cognitive data have been previously published. 
| Cognitive testing
Detailed descriptions of the cognitive tasks used in this study can be found in a prior report of cross-sectional analyses of time point 1 data. 11
| Crystallized intelligence
Raw scores from the General Information subtest of the WoodcockJohnson III 25 were used to estimate crystallized intelligence.
| Visual-spatial ability
Raw scores from the Spatial Relations subtest of the WoodcockJohnson III 25 were used to estimate visual-spatial ability.
| Memory
Delayed verbal memory was measured using the number of words correctly recalled on the Delayed Recall Trial of the Word Lists subtest from the Children's Memory Scale. 26 Initial learning was controlled for by including the number of words correctly recalled on the last learning trial (Trial 4) as an independent control variable in HLM analyses.
Delayed visual-spatial memory was assessed using the Spatial Delayed Response (SDR) task. [9] [10] [11] 15, 27, 28 After a 60 s distractor-task filled delay, participants pointed to the location on a computer screen where a dot had appeared. The mean error in millimeters between the original and remembered dot location was analyzed.
| Processing speed
Basic processing speed was measured by a Speed task that required participants to press a button as quickly as possible whenever a plus sign appeared on a computer screen. 29 Processing speed in situations that require inhibitory control was assessed by a Go-No-Go task. 29 Median reaction time for correct trials was analyzed for each task.
| Analyses
Analyses were conducted using HLM 6.08 (significance threshold P < .05). 30 Briefly, the HLM approach decomposes variability into two "levels," in this case between-and within-person. Between- Using this approach we examined the effects of group membership, and within the T1DM group the effects of mean glycemic control, intraindividual variation in glycemic control, and age of onset on cognitive performance as follows:
| Effects of group
HLMs with group as an independent variable and task performance as the dependent variable were created for each cognitive task to test for group differences in cognitive performance across all 3 time points (ie, between-person group main effects). Age at time point 1 was also included as an independent variable in these models to control for its effects on mean cognitive performance. In addition, years since enrollment was entered as a within-person predictor in each model to estimate the rate of linear change in cognitive performance. Therefore, we were able to estimate whether group had a significant influence on within-person rates of change in cognitive performance across time (ie, cross-level interactions).
| Effects of glycemic control and age of diabetes onset
Global mean HbA1c was calculated for each participant by averaging their mean HbA1c from 3 time periods: diabetes diagnosis to time point 1, time points 1 to 2, and time points 2 to 3. HLMs were created for each cognitive task with age of diabetes onset (between-person), global mean HbA1c (between-person), mean HbA1c from diabetes diagnosis to time point 1, time points 1 to 2, and time points 2 to 3 (within-person), and years since enrollment (within-person) as independent variables and task performance as the dependent variable. Age at time point 1 and mean blood glucose meter readings from the cognitive testing sessions were also included as independent control variables. These models were used to test whether global mean HbA1c and age of diabetes onset made significant contributions to between-person differences in cognitive performance across all 3 time points (ie, HbA1c and age of diabetes onset between-person main effects). They were also used to examine whether individual variation in HbA1c from one measurement occasion to the next influenced cognitive performance (within-person main effects). In addition, they were used to examine whether global mean HbA1c and age of diabetes onset influenced within-person changes (ie, slopes) in cognitive performance across time (ie, cross-level interactions). Finally, age at diabetes onset × global mean HbA1c interaction terms were subsequently added to these models to examine whether age at diabetes onset affects the strength of the relationship between mean glycemic control and mean cognitive performance across all 3 time points (ie, between-person interaction effects).
2 | RESULTS
| Subjects
A total of 119 youth with T1DM and 59 nondiabetic siblings were enrolled in this study at time point 1. Data from the 61 youth with T1DM and 28 siblings from the initial cohort who completed cognitive testing at all three study time points, had mean blood glucose meter readings between 60 and 375 mg/dL during all cognitive testing sessions, and did not develop new diagnoses that met exclusion criteria during follow-up were included in this analyses. There were no significant differences in sex, parental education, age at study enrollment, age at diabetes diagnosis (T1DM group only), or mean HbA1c between diagnosis and time point 1 (T1DM group only) for T1DM or control group youth who completed all 3 study time points vs those who did not (all χ 2 and t-test P > .05). The demographic and clinical characteristics of the T1DM and control participant groups in this study are presented in Table S1 , Supporting Information. There were no significant T1DM/non-T1DM group differences in sex (χ 2 = 1.23, P = .268), parental education (t = −0.55, P = .584), or age at study enrollment (time point 1; t = 0.91, P = .366). There were also no significant T1DM/non-T1DM group differences in the number of Cognitive performance for youth at the mean age of study enrollment is modeled in Figures 1 and 2 to illustrate developmental trends in the diabetes and control groups. All HLM analyses controlled for age at study enrollment. Therefore, all significant results indicate patterns of cognitive function that were present regardless of the enrollment age of study participants.
| Effects of group 2.2.1 | Between-person
Analyses revealed significant main effects of group on visual-spatial ability and delayed memory (Figure 1 ; see Table 1 
| Cross-level interaction
Analyses revealed that a diagnosis of T1DM had a significant effect 
Age of diabetes onset did not explain differences in within-person changes in cognitive performance over time (all P > .05).
| DISCUSSION
Overall, youth with T1DM had worse performance than nondiabetic sibling controls on visual-spatial ability and delayed memory tasks across all 3 study time points, suggesting that group differences in these tasks were present at the beginning of the study and remained stable over time. In contrast, group differences in processing speed emerged over time, with the diabetic group failing to improve as much as the control group. The fact that both patterns were found within the same study suggests that the effects of T1DM on visual-spatial processing emerge early whereas the effects of T1DM on processing speed emerge later in development or exposure to diabetes. Depending on the age or disease duration at which subjects are tested, crosssectional analyses could find different or even conflicting results. This study extends the findings of prior research that has statistically compared longitudinal change in cognitive function in youth This study is limited by the overall modest sample size, particularly for controls, due to the fact that cognitive data for all 3 study time points was available for only half of the participants who enrolled in the study at time point 1. In addition, few severe hypoglycemic events were observed during follow-up, limiting our ability to assess the effects of hypoglycemia exposure on cognitive trajectories and the complexity of our hyperglycemia analyses and interpretations. Given that past cross-sectional research has suggested that early age of diabetes onset has a negative effect on cognitive function in youth with T1DM, 1,3,4 it was surprising that only one significant effect of age of diabetes onset on cognitive performance was found in our analyses. One possible explanation is that participants' mean age of onset was quite young (6.4 y), which may have limited our ability to detect the effects of age of diabetes onset on longitudinal change in cognitive function. The cognitive effects observed in this study are relatively small and are unlikely to be clinically noticeable, but suggest that further exposure to hyperglycemia may lead to continued or increasing differences in cognitive function between youth with T1DM and their nondiabetic peers. Future research is needed to determine the degree to which improvements in glycemic control can enhance cognitive function in everyday life in youth with T1DM, particularly given that recent research has shown that greater hyperglycemia exposure is associated with worse academic performance in youth with T1DM. 34, 35 In conclusion, the results of this study suggest that on average differences in cognitive function between youth with T1DM and their nondiabetic relatives are maintained or increase during childhood and adolescence. Hyperglycemia and age of diabetes onset can have negative effects on cognitive developmental trajectories in youth with T1DM. However, at least some alterations in cognitive function may be modifiable during childhood and adolescence. Treatments that lower hyperglycemia could lead to improved function in some cognitive domains (eg, visual-spatial ability and processing speed). Interactive effect of age of diabetes onset and global mean glycated hemoglobin (HbA1c) on visual-spatial ability. The relationships between Spatial Relations task performance, age of diabetes onset, and global mean HbA1c, which were all continuous variables in our hierarchical linear modeling (HLM) analyses, are modeled for individuals who were diagnosed with type 1 diabetes mellitus (T1DM) at an age that was 1 standard deviation younger than the mean age of diabetes onset, at the mean age of diabetes onset, and at an age that was one standard deviation older than the mean age of diabetes onset to illustrate the significant age of diabetes onset × global mean HbA1c interaction for the Spatial Relations task. There was a stronger negative relationship between global mean HbA1c and Spatial Relations task performance for youth with earlier compared with later onset diabetes. The between-person main effect of age of diabetes onset was not significant.
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